form (g av ϳ 2.011) together with unusual radical-like spectrum (g values 2.015, 2.00, and 1.95). RumA also reacts with nitric oxide to give EPR spectra characteristic of the protein-bound iron dinitrosyl species. Oxidation of the cluster leads to its decomposition and that could be a mechanism for regulating the activity of RumA under conditions of oxidative stress in the cell. Sequence data base searches revealed that RumA homologs are widespread in various kingdoms of life and contain a conserved and unique iron-sulfur cluster binding motif, CX 5 CGGC. and is buried in a largely hydrophobic region, but one of its sulfur atoms is quite exposed to solvent. The closest distance between the cluster and the sulfur of the catalytic nucleophile, Cys 389 , is ϳ19 Å. RumA is a member of a growing list of nucleic acid modifying enzymes where the function of the iron-sulfur (FeS) cluster remains enigmatic.
form (g av ϳ 2.011) together with unusual radical-like spectrum (g values 2.015, 2.00, and 1.95). RumA also reacts with nitric oxide to give EPR spectra characteristic of the protein-bound iron dinitrosyl species. Oxidation of the cluster leads to its decomposition and that could be a mechanism for regulating the activity of RumA under conditions of oxidative stress in the cell. Sequence data base searches revealed that RumA homologs are widespread in various kingdoms of life and contain a conserved and unique iron-sulfur cluster binding motif, CX 5 
CGGC.
RumA, an S-adenosyl-L-methionine-dependent methyltransferase specifically catalyzes the methylation of U1939 of 23 S ribosomal RNA to yield 5-methyluridine (m 5 U) 1 or ribothymidine (1). This enzyme was found to contain a [4Fe-4S] cluster, a prosthetic group usually not associated with methyltransferase enzymes. The x-ray structure of RumA revealed that the cluster is located in the RNA binding domain of the threedomain protein (2) . It is held by four Cys-iron bonds provided by Cys 81 , Cys 87 , Cys 90 , and Cys 162 and is buried in a largely hydrophobic region, but one of its sulfur atoms is quite exposed to solvent. The closest distance between the cluster and the sulfur of the catalytic nucleophile, Cys 389 , is ϳ19 Å. RumA is a member of a growing list of nucleic acid modifying enzymes where the function of the iron-sulfur (FeS) cluster remains enigmatic.
The reaction mechanism of m 5 U methyltransferases is similar to that of thymidylate synthase, and has been studied mainly employing the tRNA m 5 U54 methyltransferase, TrmA (3) (4) (5) . It involves Michael addition of the catalytic Cys to carbon 6 (C-6) of pyrimidine, which activates C-5 for a nucleophilic attack on the methyl group of S-adenosyl-L-methionine. Following the methyl transfer, the enzyme is resolved by abstraction of a proton from C-5 and ␤-elimination. TrmA, as well as DNA and RNA 5-methylcytidine methyltransferases, which employ a similar catalytic mechanism (6), do not posses an FeS cluster or any other prosthetic group. Lack of a redox step in the catalytic mechanism, and absence of the cluster in enzymes that employ a similar mechanism preclude a direct role for [4Fe-4S] cluster in the RumA-catalyzed reaction.
Two features distinguish the FeS cluster in RumA from the clusters in a different class of S-adenosyl-L-methionine-dependent enzymes that proceed by free radical mechanisms. The RumA cluster is ligated by 4 cysteines and the iron-binding sequence motif is CX 5 CX 2 CX n C. In contrast, the radical Sadenosyl-L-methionine enzymes, of which MiaB (7) and biotin synthase (8) are examples, have a [4Fe-4S] cluster built of a CX 3 CX 2 C sequence that leaves one iron of the cluster free to participate in catalysis. MiaB is a member of a family of enzymes catalyzing addition of sulfur to tRNA bases (9) . The FeS sequence motifs in the DNA repair enzymes, endonuclease III (10) and MutY (11) , are CX 6 CX 2 CX 5 C, somewhat similar to the RumA sequence. Although the FeS clusters in these enzymes are usually regarded as structural, recently it was shown that the redox potential of MutY is altered by DNA binding and that a change in charge of the [4Fe-4S] 3ϩ/2ϩ cluster might alter its affinity for DNA (12) .
The redox potentials of [4Fe-4S] clusters vary widely (13) (14) (15) (16) . Of particular interest in many contemporary studies of FeS proteins is understanding the factors that influence the potentials, and thus functions, of these clusters (17, 18) . Proteins with four Cys-iron bonds to the [4Fe-4S] cluster fall into two general redox groups, ones with an accessible 2ϩ/1ϩ couple, exemplified by some ferredoxins (19) and ones, generally called HiPiPs, in which the 2ϩ form can be oxidized to a stable 3ϩ form. The potential of the 2ϩ/1ϩ couple is variable among known [4Fe-4S] clusters. Clusters with very low reduction potentials (ϳ Ϫ600 mV) (20) may be photoreduced by deazariboflavin in the presence of EDTA, a hydrogen atom donor (21) (22) (23) . The 2ϩ HiPiPs are readily oxidized by ferricyanide (24) . The FeS cluster in family 4 uracil-DNA glycosylases was recently shown to have redox properties of HiPiPs (25) .
In contrast, some [4Fe-4S] proteins rearrange when they are oxidized. Aconitase, with only three Cys-iron bonds in the intact [4Fe-4S] cluster, is the best studied example of these (13) . It loses iron to form a cuboidal [3Fe-4S] 1ϩ cluster. Simple one-electron oxidative loss of one iron is precluded in 4Fe-4S proteins with four Cys-iron bonds and the clusters may completely decompose after treatment with excess oxidant. Oxidative decomposition of 4-Cys-4Fe-4S clusters has been observed in some cases, for instance, in Azotobacter vinlandii ferredoxin I (FdI) and in endonuclease III (26, 27) . The initial steps in 4-Cys-4Fe-4S cluster decomposition of A. vinlandii FdI have been examined by oxidizing the crystalline protein. X-ray analysis showed that unique iron and inorganic sulfur atoms were separating from the cluster after reaction with three oxidizing equivalents (28) . The electron paramagnetic resonance (EPR) spectra resulting from oxidation of the A. vinlandii FdI 4Fe-4S cluster have characteristics of a sulfur-based radical and have been attributed to a cysteinyl disulfide radical (29, 30) . In A. vinlandii FdI, formation of this radical involves a Cys residue (Cys 24 ) that is not initially a cluster iron ligand (31) . The spectroscopic signatures of FeS clusters are well documented for numerous proteins and model compounds of determined structures (13, (32) (33) (34) (29, 35) .
To determine possible functional roles of the FeS cluster in RumA, we examined the redox reactions of the cluster by both optical and EPR spectroscopy. We have also performed sequence analysis on the genomic data bases and have identified the putative FeS cluster binding sequences and consensus motifs in RumA homologs in genomes of various organisms.
EXPERIMENTAL PROCEDURES
Materials-5-Deazariboflavin was a gift from Gordon Tollin (Tucson, AZ). The nitric oxide (NO) donor, PAPA NONOate ((Z)-1-[N-(3-aminopropyl)-N-(n-propyl)amino]diazen-1-ium-1,2-diolate), was from Cayman Chemical (Ann Arbor, MI). It dissociates with a half-life of 1.3 h at pH 7.4 (Cayman Chemical) to form two nitric oxide molecules. Solid calcium oxide (98%) with a minor manganous impurity for calibration of gЈ values was from Aldrich (catalog number 24, . It was sealed in an evacuated small quartz capillary.
Isolation and Purification of Native RumA-The expression and aerobic purification of RumA were reported earlier (1) . Protein concentrations were determined using an extinction coefficient,
Ϫ1 , obtained by quantitative amino acid analysis. Iron content in RumA was estimated by inductively coupled plasma resonance spectroscopy (Garatt-Callahan Co., Millbrae, CA) that yielded 4.6 mol of iron/mol of protein. Inorganic sulfur was estimated by the method of Beinert (36) and a value of 3.6 mol of sulfur/mol of protein was obtained. The protein samples (0.1-0.4 mM) for both EPR and optical spectroscopy were in buffer (pH 7.0) composed of 50 mM potassium phosphate, 0.1 M potassium chloride, and 10% (v/v) glycerol (buffer A).
UV-visible Spectroscopy-15 M RumA solution was prepared in buffer A that was purged with argon. K 3 Fe(CN) 6 solution was freshly prepared in the same buffer. Protein sample was successively titrated with the oxidant, and spectra were recorded on a Shimadzu UV-2401PC spectrophotometer. Spectra of K 3 Fe(CN) 6 solutions were subtracted from that of the titrated protein.
Preparation of EPR Samples-For photoreduction, oxidized 5-deazariboflavin (56 M) was dissolved in buffer A plus 0.5 mM EDTA and diluted 10-fold into RumA solutions. Anaerobic samples for photoreduction were prepared by slow equilibration (1 h, 4°C) of RumA and deazaflavin in an evacuated chamber (Wilmad, Buena NJ; tip-off manifold number 552-5) attached to an EPR tube. After several pump/ equilibration cycles, the anaerobic sample was transferred to the EPR tube. The EPR tube was placed in a room temperature water bath and photoreduction was initiated by the white light of a 300 W projector bulb.
For oxidation of RumA, potassium ferricyanide solutions were freshly prepared in buffer A at 10 -100 times the protein concentration. The ferricyanide solution was placed in the EPR tube first and RumA was added to it. The sample was frozen in liquid nitrogen at the first sign of bleaching of the yellow/brown color of RumA. Oxidations were examined under both aerobic and anaerobic conditions. The highest yield of EPR signal of the oxidized protein was obtained when 0.1 mM RumA and 130 units of copper/zinc superoxide dismutase (bovine kidney superoxide dismutase, Sigma S-2139)) were added anaerobically to a 10-fold excess of potassium ferricyanide.
Solutions of PAPA NONOate
were prepared in 8 mM potassium hydroxide, diluted 10-fold into 0.1 M phosphate (pH 7.4) 1-2 h before a further 10-fold dilution into RumA, resulting in ϳ2 mM NO in the EPR samples. These reactions were carried out in aerobic buffers.
EPR Spectroscopy-X-band EPR spectra were recorded on a Varian E 109 spectrometer equipped with an Oxford Instruments ESR9/10 pumped, liquid helium-flow cryostat. Figure legends contain relevant instrumental parameters. The sample buffer was used to record baselines under conditions identical to those with which the sample spectra were obtained. These baselines were subtracted from RumA spectra shown in the figures. X-band frequencies were measured at the bridge. Values of the g factor at the sample were calibrated using a sealed quartz tube (0.5 mm inner diameter) of CaO containing a manganous impurity, frozen in a 4-mm X-band quartz EPR tube of sample buffer. Spin concentrations in RumA samples were determined by double integration of the EPR signal over a range of 2 kgauss and comparison with double integrals of signals of 0.1 mM cupric acetate in sample buffer. The microwave power was 0.1 mW for accurate spin determination, and the temperature was 40 K.
The reported gЈ values (Table I) of RumA EPR spectra were assigned by computer simulation. Simulations were performed using the XSophe program (37) (available from Bruker BioSpin). Simple simulations were used, considering only a spin of 1/2 with g factor and line width anisotropy. Simulation line shapes were gaussian. For the simulations, usually the magnetic field range was partitioned into 1.0 mT segments and the spatial grid, the Sydney OPera House grid (38) , into increments of ϳ3°.
Sequence Analysis-Blast searches (39) were performed on completed eubacterial, Archaea, and eukaryotic genomes available in the NCBI data set on April 20, 2004 . In cases where the completed genome from more than one bacterial species or strain of the same genus were available, only one member of each genus was arbitrarily selected for analyses. Eschericha coli RumA, RumB, and TrmA sequences were used as probes.
RESULTS
Optical Survey of Redox Properties of RumA-The optical spectrum of native RumA contains an absorption band with a maximum at 390 nm, a shoulder around 325 nm, and a minimum at 350 nm, besides the usual 280-nm band because of the aromatic residues (Fig. 1) . Successive titration of 15 M RumA with ferricyanide resulted in the loss of the 325-and 390-nm bands. By 180 M ferricyanide, intensities of these bands were significantly reduced and new bands at 444 nm and at about 520 nm (very weak) emerged. Further addition of the oxidant or longer incubation caused precipitation of the protein. Anaerobic addition of sodium dithionite or Ti(III) citrate did not alter the absorption spectrum of the native RumA.
EPR Study of Reduction of RumA FeS Cluster-Native RumA has Ͼ99% of the FeS cluster in a state that has essentially no EPR spectrum (see below, discussion of Fig. 3 ). Initial attempts to reduce RumA by anaerobic addition of dithionite gave no observed change in the EPR spectra, so a stronger reductant, 5-deazariboflavin semiquinone radical (21-23), was used. Brief irradiation (30 s) of RumA (0.1 mM), deazaflavin (5.6 M), and EDTA (50 M), followed by freezing, leads to an EPR spectrum of one electron-reduced RumA (Fig. 2) . Based on comparison with the double integrals of the spectrum of a Cu 2ϩ standard and of the RumA spectrum, the signal in Fig. 2 is estimated to represent 56% of the protein concentration. The shape of the reduced RumA EPR spectrum does not change between 10 and 30 K and is most intense at 10 -12 K. Below ϳ10 K, the signal broadens, and much above 30 K it is undetectable. At 12 K, the signal intensity does not begin to saturate until Ͼ4 mW. In the temperature range examined, there is no evidence of selective saturation of any portion of the reduced RumA EPR spectrum. The observed EPR signal is reasonably simulated as the sum of two equally weighted components (see Table I ) of g x , g y , and g z values 2.005, 1.95, 1.92 and 2.01, 1.92, 1.85. This simulation is shown as an inset in Fig. 2 . A continuum of gЈ values between these extremes would also provide a good fit.
EPR Study of Oxidative Rearrangement of RumA FeS Cluster-The usual procedure adopted for EPR studies of RumA upon treatment with ferricyanide was to use two or fewer equivalents of the reagent and to freeze the sample when cloudiness first appeared (after about 1-2 min) because the addition of this reagent causes precipitation of the protein.
RumA is slightly more stable to nitric oxide additions and samples treated with this reagent were frozen when cloudiness first appeared. For example, 0.1 mM RumA mixed with 2 mM NO, aerobically and at 4°C, is stable for about 20 min.
RumA, isolated aerobically and before oxidation, exhibits variable amounts of a weak EPR signal (Fig. 3A) . The low-field maximum occurs at a gЈ value of 2.0278. In wider field sweeps, variable levels of g ϭ 4.3 signal, characteristic of free ferric iron, are observed in different sample preparations (not shown). Addition of one-tenth oxidizing equivalent of ferricyanide per protein slightly enhances the intensity of the spectrum shown in Fig. 3A , whereas addition, at once, of 1 eq gives a much larger EPR spectrum of somewhat altered shape (Fig.  3B) . Spectra of the same sample are compared at 12 and 40 K in Fig. 3 , B and C, respectively. At 12 K, the maximum at g ϭ 2.024 is the most intense peak and is slightly shifted in the gЈ value from the low-field maximum of 2.028 seen in Fig. 3A . At 40 K the maximum is at g ϭ 2.016 (see vertical lines in Fig. 3 ). The EPR signal in Fig. 3C falls to half the extrapolated linear intensity versus (microwave power) 1/2 (P 1/2 ) at ϳ13 mW of microwave power. There is little change above 40 K in the shape of the EPR signal from that of Fig. 3C . All of the spectral features are broadened at temperatures 8 K and below. Double integration and comparison with a copper standard indicates that the fraction of EPR detectable spin 1/2 species at 40 K (Fig.  3C ) is 4-8% of the initial protein concentration. The higher yield is obtained when the oxidation is carried out anaerobically. Because thermal population of excited states and relaxation both influence the intensity of the signal in Fig. 3A , assignment of the fraction of the protein concentration giving rise to the EPR-detectable species in Fig. 3A as Ͻ1% is simply based on comparisons of the double integrals of spectra in Fig.  3 , A-C, together with the simulation discussed below. Fig. 4 provides simulations of the spectra in Fig. 3 , A and C, based on gЈ values given in Table I . The summation shows that 12 K EPR spectra of oxidized RumA samples may be as simple as the sum of 2 components. However, a broader magnetic field scan of the sample giving the experimental spectrum in Fig. 3C Experimental EPR spectrum (9.26 GHz) of photoreduced RumA. Deoxygenated RumA (0.1 mM), 5-deazariboflavin (0.0056 mM), and EDTA (0.05 mM) were irradiated briefly at room temperature and then frozen for EPR. The inset shows how two separate line shapes, both with parameters (Table I) characteristic of a  [4Fe4S] 1ϩ center, might combine to give the observed line shape. The experimental EPR spectrum was recorded at 12 K and the instrument parameters were: microwave power, 10 mW; modulation amplitude, 1.6 mT; sweep rate, 12.5 mT/min; time constant, 0.5 s. a The first column refers to the figure in which the simulation appears. For all simulations, the frequency was 9.26 GHz.
shows some absorbance above baseline at ϳgЈ ϭ 2.12 ( Fig. 5A) . A line shape model and more rhombic set of gЈ values than the ones used in calculating Fig. 4C were not found to give an adequate simulation of the gЈ ϭ 2.13 feature. However, it is possible that there is some absorbance associated with the 40 K EPR of oxidized RumA that is so broad, or canceled by underlying spectra, that a double integral of the experimental spectrum (Fig. 5A) underestimates the spin concentration. If so, the number of spins as given in the spectra in Fig. 3C, or Fig. 5A , could be significantly greater than 8%.
Other Reactions of RumA-The reaction of RumA with nitric oxide has also been examined. The EPR spectrum shown in Fig.  5B is obtained with a molar ratio of nitric oxide to protein of 12:1. Based on integration, the Fig. 5B signal intensity corresponds to 33% of the concentration of the protein converted to an S ϭ 1/2 iron dinitrosyl species by the time the reaction is quenched by freezing. Preliminary measurements of the potential of the cluster are consistent with the EPR observations on oxidation and reduction of RumA. Square wave voltametry measurements done under anaerobic conditions, on gold electrode, yielded two peaks at Ϫ430 and ϩ42 mV (versus standard hydrogen electrode). The peak at the lower potential could be because of the cluster reduction but could also be consistent with reduction of a S(Cys)-gold bond. However, precipitation of protein during these measurements precluded reliable measurements. 2 Sequence Analyses and the Cluster Binding Motif-Blast searches (39) were performed on completed eubacterial genomes from 72 genera, using E. coli RumA, and homologous RumB (23 S rRNA 747 m 5 U methyltransferase) (40) and TrmA (tRNA 54 m 5 U methyltransferase) sequences as probes. Sequences with bit scores higher than 105 were considered orthologs of RumA, when the data base was probed with the E. coli RumA sequence. These sequences had an expected value lower than e-22. All, except one, of these sequences yielded significantly lower bit scores when probed with RumB and TrmA sequences. RumA orthologs were thus identified very widely throughout the eubacterial kingdom. Most of these high scoring RumA homologs contain the FeS binding motif with the consensus CXX(FYA)XXCGGC (Fig. 6) . Organisms from Bacillales and Clostridia taxa had two high scoring homologs of RumA and both of these contain the consensus iron-sulfur binding motif. In contrast, several members of Lactobacillales taxon also have two high scoring homologs of RumA but only one of these two sequences has the FeS binding motif. RumA homologs from the Actinobacteria taxon have further diverged from the E. coli sequence. In the RumA homologs of several of 2 Prof. Marco Sola, personal communication. Table I . The variation in simulation of gЈ values giving good fits is about Ϯ0.005. A sum of 53% simulated spectrum A and 47% simulated spectrum C (doubly integrated intensity) is shown as B.
FIG.
5. An EPR spectrum of oxidized RumA compared with the dinitrosyl RumA derivative. A, the oxidized RumA spectrum (40 K) is the same as that shown in Fig. 3C , but here a low-field region with possible additional absorption is also shown. The arrow indicates minor absorption at ϳgЈ value ϭ 2.13. B, nitric oxide (from 1 mM nitric oxide donor) was added to deoxygenated RumA (0.17 mM) and the EPR spectrum was recorded (15 K). The fraction of the FeS cluster in the iron-dinitrosyl state, based on double integration, was 33%. Instrument parameters for A are given in the legend to Fig. 3C . For B, the parameters were: microwave frequency, 9.26 GHz; microwave power, 0.1 mW; modulation amplitude, 0.5 mT; sweep rate, 1.3 mT/min; time constant, 0.5 s.
the these organisms, the FeS sequence motif has deviated from that in the E. coli and has the sequence: C-Xn (n ϭ 7-8)-C-C. In all other eubacteria where RumA could be identified, very few of them had deviations from the consensus FeS motif. Members of the taxon, Mollicutes, did not contain high scoring homologs that can be designated as RumA.
Archaea and eukaryotic genomic data bases were also probed for the presence of RumA homologs. Among archaebacteria, Pyrococcus species had two each and Nanoarchaeum equitans had one high scoring homolog of RumA. All of these contained the consensus FeS binding motif. Among the completed sequence data bases from fungi, most organisms including Saccharomyces pombe, Neurospora crassa, Eremothecium gossypii, and Aspergillus nidulans genomes had RumA homologs containing the FeS binding motif. Several plant species like Arabidopsis thaliana and Oryza sativa (rice) also had RumA homologs with the FeS binding motif. Any high scoring homolog of RumA was absent in the genomes from the animal kingdom.
RumB, another ribosomal RNA m 5 U methyltransferase in E. coli, also possesses an FeS binding sequence motif with a consensus CXX(FY)XXXXC(RTH)SC. This motif resides at the extreme N terminus of the protein sequence with the first cysteine located at position three in the E. coli RumB. Blast analyses revealed that the RumB gene is present only among the organisms from the ␥ subdivision of the proteobacteria family and is not as prevalent as RumA.
DISCUSSION
The structurally relevant conclusion of these EPR studies of the FeS cluster in RumA is that the cluster is in the [4Fe-4S] 2ϩ state in the aerobically isolated protein, and also under conditions that would prevail in its normal cellular environment. The majority of the cluster can be reduced to 1ϩ , but the reduction requires strongly reducing conditions. FeS clusters requiring photochemical reduction by deazaflavin semiquinones may have potentials for the 2 ϩ /1 ϩ couple as low as Ϫ600 mV (20) , far below any cellular reducing power. EPR spectra of 1ϩ clusters may vary with their solvent environment (41), reflecting different delocalization of electrons within the cluster. The spectrum observed for photoreduced RumA (Fig. 2) has a distribution of gЈ values, but the average gЈ value (g av ϭ 1.96, Table I ) identifies the species as the 4Fe cluster of 1 ϩ charge.
Fragmentation of the FeS clusters under oxidizing conditions is common and may be related to function or may reflect on how the cluster is assembled. Ferricyanide oxidation of a number of [4Fe-4S] proteins leads to EPR signals with either an average gЈ value (g av ) of ϳ2.01 and narrow ⌬g range, as exemplified by A. vinlandii FdI (26), endonuclease III (27) , and aconitase (13), or to a broader signal covering the gЈ value range from ϳ2.12 to 2.02, found for HiPiPs (24, 42) . The EPR spectra of oxidized RumA (Fig. 3) are clearly in the gЈ ϭ 2.01 category, although a portion of the signal appears to be that of a radical. The narrow gЈ ϭ 2.01 cluster signals arise from 1ϩ , a fact that has been established by comparison of several types of spectroscopy and x-ray structures for various preparations of aconitase (32, 33) and the 3Fe center of 7-iron ferredoxins (35) . For [4Fe-4S] clusters with only 3 iron-Cys bonds, as in aconitase, the fourth, Cys-free iron is the one lost. For those clusters with all irons attached to a cysteine, the fragmentation pattern is less obvious.
Temperature-dependent EPR signals, similar to those exhibited by RumA (Fig. 3) 1ϩ EPR spectrum. Thus, the EPR spectrum emphasized at 40 K (Fig. 3C ), which appears upon addition of one or more oxidizing equivalents, could result from further oxidation of [3Fe-4S] 1ϩ or it could be the product of a different fragmentation. The large fraction of RumA iron unaccounted for (EPR silent) under oxidizing conditions could result from dissociation of the [4Fe-4S] 2ϩ cluster to give a [2Fe-2S] 2ϩ form, also EPR silent. The absorption spectrum of the oxidized RumA (Fig. 1) , which is similar to that of, as isolated, MiaB, supports this notion. The spectrum of MiaB was ascribed to the [2Fe-2S] 2ϩ cluster (7) . The [4Fe-4S] 2ϩ to 2ϩ conversion is part of the oxygen-sensing mechanism of the transcription factor FNR (fumarate nitrate reduction), for instance (43, 44) .
Because the time courses of RumA oxidation and resulting precipitation are similar, the stoichiometry for radical formation cannot be determined by an optical titration as illustrated in Fig. 1 . In comparison to the 3-electron oxidized A. vinlandii Fd EPR signal, attributed to Cys-S⅐S-Cys (29), the oxidized RumA radical EPR signal (Fig. 3C ) lacks the expected well defined peak at g ϭ ϳ2.09. Assuming this low field region may be ignored, the simulation in Fig. 4C accounts reasonably for the EPR signal in Fig. 3C . This signal is unusual in having two close principal gЈ values (2.015, 2.00) at lower field than the unique gЈ value at higher field (1.95). Although a similar order of gЈ values is exhibited by some R-S⅐S-R radicals, for instance, the cystine radical (45) , no radical in this category has a g z value as low as 1.95. A precedent for an EPR signal with gЈ values almost identical to those of the RumA radical has been reported recently in studies of SdhC, an expressed subunit of the respiratory complex II of an archebacterium (46) . Like the RumA signal, the EPR of SdhC has maximum intensity at 30 -40 K. The EPR signal from the isolated subunit SdhC is substoichiometric, and therefore, its origin was difficult to identify. However, SdhC contains a [2Fe-2S] cluster. One may speculate that both oxidized RumA and the isolated SdhC contain some novel oxidized form of a 2Fe cluster. Alternatively, they might arise from a disulfide radical in close proximity to iron.
A second example of the fragmentation of the RumA cluster is the reaction with nitric oxide (Fig. 5B) . When [4Fe-4S-4Cys] proteins react with limited amounts of nitric oxide, one or more S 3 -Fe-Cys-motifs in the native cluster are replaced by a spin 1/2 iron-dinitrosyl motif (S 2 Fe(NO) 2 ) (47). The EPR signal re- sulting from nitric oxide addition to RumA is identical to the dinitrosyl spectra reported for many FeS proteins, including HiPiP (47), endonuclease III (48) , and aconitase (49) . The nitric oxide complexes of FeS proteins are of interest because they suggest physiological mechanisms by which the proteins might be regulated. For instance, regulation of transcription by the E. coli fumarate/nitrate reduction transcription factor is influenced by either oxygen or NO (50) . In the case of endonuclease III, it has been possible to reverse the NO modification by addition of iron and sulfur (48) . RumA reacts readily (radical concentration equal 33% that of the protein in 5 min) with additions of NO. The possibility that this reaction can be driven to completion and reversed, and therefore may be physiologically relevant, remains to be explored.
The two ribosomal RNA m 5 U methyltransferases in E. coli, RumA and RumB, both contain FeS clusters whereas, the tRNA m 5 U methyltransferase, TrmA does not. The cluster binding motif is highly conserved among RumA homologs even in phylogenetically distinct species. The motifs in RumA and RumB are different (Fig. 6) , and that might influence their respective reduction potentials. Some organisms contain two homologs of RumA that are very similar among themselves. It is unclear if the two homologous enzymes within the same organism modify the same or different target uridines. A very widespread presence of the rumA gene in bacteria, fungi, and plant kingdoms suggests an ancient evolutionary origin for RumA.
The physiological role of the methylation of uridine 1939 in the ribosome is presently unknown. In the crystal structure of the 70 S ribosome in complex with tRNAs, the rRNA loop harboring U1939 is seen to protrude into the major groove of the acceptor stem of A-site tRNA at the CCA tail (51) . The E. coli 23 S rRNA sequence between 1934 and 1949 is highly complementary (14 of 16 nucleotides) to the sequence in the tRNA-like domain of tmRNA, strongly indicating that it has the potential to base pair with the tmRNA. A cryo-EM structure of the ribosome-tmRNA complex places the tmRNA in a location proximal to U1939 (52) . These observations suggest that the region around U1939 has a role in tRNA and tmRNA binding. It can be speculated that methylation of U1939 may subtly affect the interactions between tRNA or tmRNA and the ribosome.
Ease of oxidation of the cluster in RumA by ferricyanide and NO indicates that the cluster can be readily oxidized under physiological conditions of oxidative stress in the cell. This could be a way to abolish the activity of RumA in the cell, because oxidation of RumA leads to cluster decomposition and subsequent precipitation of the protein. Absence of RumAmediated methylation in the ribosome might have certain advantages to ribosomal functions under conditions of oxidative stress. Additionally, far fewer turnovers of an enzyme involved in modification of the ribosome are required than of other enzymes and electron transfer FeS proteins, so the RumA FeS cluster may be a sacrificial one to provide iron and sulfur for other clusters, after the ribosome is methylated.
The crystal structure of RumA in complex with the substrate RNA shows that a four-nucleotide stack of RNA is in close proximity to the FeS cluster. 3 One of the inorganic sulfurs of the cluster forms a water-mediated hydrogen bond to an RNA base at one end of this stack. Barton and colleagues (12) have demonstrated efficient charge migration to long distance through stacked nucleic acid bases. They postulated that release of an electron from the [4Fe-4S] 2ϩ cluster might be involved in long range signaling through DNA-mediated charge transfer (12) . It remains to be explored whether the observed interaction of the cluster in RumA with the RNA base stack has any functional significance or a role in charge transfer.
